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Abstract: The composition of the gut microbiota and their metabolites are associated with car-
diometabolic health and disease risk. Intake of dietary fibers, including resistant starch (RS), has been
shown to favorably affect the health of the gut microbiome. The aim of this research was to measure
changes in the gut microbiota and fecal short-chain fatty acids as part of a randomized, crossover sup-
plemental feeding study. Fifty participants (68% female, aged 40 ± 13 years, BMI 24.5 ± 3.6 kg/m2)
completed this study. Potato dishes (POT) contained more RS than refined grain dishes (REF) (POT:
1.31% wet basis (95% CI: 0.94, 1.71); REF: 0.73% wet basis (95% CI: 0.34, 1.14); p = 0.03). Overall,
potato dish consumption decreased alpha diversity, but beta diversity was not impacted. Potato
dish consumption was found to increase the abundance of Hungatella xylanolytica, as well as that
of the butyrate producing Roseburia faecis, though fecal butyrate levels were unchanged. Intake of
one potato-based side dish per day resulted in modest changes in gut microbiota composition and
diversity, compared to isocaloric intake of refined grains in healthy adults. Studies examining foods
naturally higher in RS are needed to understand microbiota changes in response to dietary intake of
RS and associated health effects.

Keywords: resistant starch; gut microbiota; butyrate; potatoes

1. Introduction

The gut microbiome has been implicated in the etiology of preventable chronic disease,
such as obesity and type 2 diabetes [1,2]. Gut health is affected by several factors, including
genetics, the environment, and diet [3]. Overall diet quality and adherence to the Dietary
Guidelines for Americans is poor in the US across age groups [4]. Dietary fiber intake is im-
portant for disease prevention [5] and for the health of the gut microbiome [6]; average fiber
intake in the US is 16.4 g per day, well below the adequate intake of 14 g/1000 kcal/d [7].
Greater understanding of alterations to the gut microbiota and their metabolites induced
by dietary changes will further disease prevention and management.

When indigestible carbohydrates are fermented by the gut microbiota, short-chain
fatty acids (SCFA) are produced. SCFA are both energy sources for the gut bacteria and host,
as well as signaling molecules that play a role in energy metabolism [8]. The most abundant
SCFAs are butyrate, acetate, and propionate, and these are associated with reductions in risk
of cardiometabolic disease, some bowel disorders, and certain cancers [9–12]. Increasing
intake of fermentable carbohydrates, is a key strategy to increase SCFA production and
improve human health.
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Resistant starch (RS) is starch that, due to structural differences from digestible starch,
cannot be degraded by enzymes in the human gastrointestinal tract but can be fermented
by colonic bacteria [13]. This starch exhibits a lower glycemic index [14] and is a substrate
for gut microbiota [13], giving it potential for supporting human health. There are four
main types of RS based on the factors that make it resistant to digestion. Potato RS is
typically found as either the RS2 (intact starch granules in raw or incompletely gelatinized
cooked potatoes) or RS3 (retrograded starch) in cooked and cooled products such as potato
salad [15]. In each of these cases, the starch exhibits crystallinity that reduces digestibility
by human enzymes [16].

RS supplementation significantly increases fecal butyrate concentration in humans [17,18],
mice [19], and during in vitro fermentation with fecal inocula [20]. Intake of RS in the US
is estimated to be less than 6 g/day [21]. However, most studies assess levels much
higher than this (>20 g/day), typically relying on RS supplementation in the form of raw
starch [17,18,22]. Even in studies where foods are prepared with RS, the amount of RS per
item is greater than typical daily intake [23,24]. These doses of supplemental RS induce
changes to the gut microbiota and SCFA levels, although these results are not generalizable
to the general free-living population. Investigation of the effect of lower levels of RS
intake is needed to determine the lower threshold for inducing favorable changes to the
gut microbiota.

The aim of this study was to determine the effect on the gut microbiota and fecal
SCFAs of daily intake of a side dish containing one potato (averaging 145 g), compared
to an isocaloric amount of refined grains in healthy adults. Changes in the diversity and
composition of the microbiota were evaluated. It was hypothesized that a small increase
in RS intake, from cooked potatoes, would increase the abundance of RS degrading and
butyrate-producing bacteria, thereby significantly increasing fecal SCFA concentrations,
compared to isocaloric intake of refined grains.

2. Materials and Methods
2.1. Study Design

The details of the trial design, conditions, and cardiometabolic and diet-related end-
points are reported elsewhere [25]. Here, we report results of analyses examining microbial
diversity and composition and fecal SCFA, pre-specified secondary outcomes. Briefly,
this was a single-blind, randomized, crossover trial, comparing the impact of intake of a
potato-based side dish with a daily refined grain side dish in healthy adults. Participants
were provided with one potato-based side dish (POT), or one control refined grain-based
side dish (REF) daily, for four weeks, separated by a minimum two-week break (Figure 1).
Dishes were calorie- and carbohydrate-matched and prepared without excess saturated fat
or sodium. Participant compliance, assessed on a weekly basis using checklists, was high,
with subjects reporting consumption of study dishes on 98% of study days, on average.
All procedures involving human participants were approved by the Penn State Institu-
tional Review Board (STUDY00007854). Participants provided written informed consent
at screening prior to enrollment. This trial is registered at ClinicalTrials.gov (accessed on
15 December 2021) (identifier: NCT03495284).

ClinicalTrials.gov
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Figure 1. Study design. A randomized cross-over study was conducted where participants con-
sumed a refined grain side dish and a non-fried potato side dish in random order daily for 4 weeks 
each, with a 2–3-week washout period in between conditions. Up arrows signify fecal sample col-
lection days at baseline and at the midpoint and end of each condition (weeks 2 and 4). 

2.2. Participants 
Fifty adults were recruited from the State College, PA area through distribution of 

flyers at local businesses, listservs, and through the website of the Penn State’s Cardiomet-
abolic Nutrition lab. Participants were healthy non-smokers between the ages of 25 and 
75 years with a body mass index (BMI) between 20 and 40 kg/m2. Volunteers were ex-
cluded if they had a history of chronic disease, inflammatory conditions, GI disorders, or 
were taking any medications for these or if they reported an allergy or intolerance to any 
of the study dish ingredients. Detailed study inclusion and exclusion criteria have been 
published [25]. 

2.3. Study Dishes 
Once weekly, participants reported to the Metabolic Diet Study Center on the Penn 

State Campus to pick up a cooler with their study dishes (six frozen dishes and one refrig-
erated dish per week). Dishes were prepared to limit saturated fat, sugar, and sodium, 
containing minimal amounts of other ingredients (i.e., scallions, spinach, garlic), and were 
calorie- and carbohydrate-matched. The dishes in both conditions contained 200 calories 
on average, with similar macronutrient (fat (3.7 g POT, 4.1 g REF), saturated fat (0.5 g POT, 
0.7 g REF), carbohydrates (37 g POT, 34 g REF), protein (6.2 g POT, 6.0 g REF)) and sodium 
(228 mg POT, 236 mg REF) content. The dishes differed in fiber (3.6 g POT, 1.5 g REF) and 
potassium (826 mg, POT, 119 mg REF) content. Nutrient values were determined using 
Food Processor® (ESHA, Salem, OR, USA). Participants were instructed to consume only 
potatoes provided for the study during the potato condition and to avoid all potatoes 
during the refined grain condition; they incorporated side dishes into a main meal of the 
day in place of a usual starchy side dish. 

2.4. Resistant Starch Determination 
Side dishes were heated in a 1100 W microwave for two minutes to mimic participant 

food preparation, except for the couscous and potato salad side dishes, which were to be 
served cold. Reheated side dishes were analyzed when dishes were warm; couscous and 
potato salad were analyzed chilled. Each sample was then ground evenly using an electric 
meat grinder (Aobosi, Guangzhou, China), on the “Fine” setting. RS was then immedi-
ately quantified by the Megazyme Resistant Starch Assay Kit (Megazyme, Bray, Ireland), 
according to the kit instructions. The Megazyme RS Assay Kit is able to analyze RS types 
1, 2, and 3 and has a standard deviation of 3% and 3–5% between days according to the 
manufacturer. RS determination was done in triplicate for each study dish. Grams of RS 
were calculated by taking the percentage of RS wet weight and multiplying by the serving 
weight (in grams) of each dish. 

  

Figure 1. Study design. A randomized cross-over study was conducted where participants consumed
a refined grain side dish and a non-fried potato side dish in random order daily for 4 weeks each,
with a 2–3-week washout period in between conditions. Up arrows signify fecal sample collection
days at baseline and at the midpoint and end of each condition (weeks 2 and 4).

2.2. Participants

Fifty adults were recruited from the State College, PA area through distribution
of flyers at local businesses, listservs, and through the website of the Penn State’s Car-
diometabolic Nutrition lab. Participants were healthy non-smokers between the ages of 25
and 75 years with a body mass index (BMI) between 20 and 40 kg/m2. Volunteers were
excluded if they had a history of chronic disease, inflammatory conditions, GI disorders, or
were taking any medications for these or if they reported an allergy or intolerance to any
of the study dish ingredients. Detailed study inclusion and exclusion criteria have been
published [25].

2.3. Study Dishes

Once weekly, participants reported to the Metabolic Diet Study Center on the Penn
State Campus to pick up a cooler with their study dishes (six frozen dishes and one
refrigerated dish per week). Dishes were prepared to limit saturated fat, sugar, and sodium,
containing minimal amounts of other ingredients (i.e., scallions, spinach, garlic), and were
calorie- and carbohydrate-matched. The dishes in both conditions contained 200 calories
on average, with similar macronutrient (fat (3.7 g POT, 4.1 g REF), saturated fat (0.5 g
POT, 0.7 g REF), carbohydrates (37 g POT, 34 g REF), protein (6.2 g POT, 6.0 g REF)) and
sodium (228 mg POT, 236 mg REF) content. The dishes differed in fiber (3.6 g POT, 1.5 g
REF) and potassium (826 mg, POT, 119 mg REF) content. Nutrient values were determined
using Food Processor® (ESHA, Salem, OR, USA). Participants were instructed to consume
only potatoes provided for the study during the potato condition and to avoid all potatoes
during the refined grain condition; they incorporated side dishes into a main meal of the
day in place of a usual starchy side dish.

2.4. Resistant Starch Determination

Side dishes were heated in a 1100 W microwave for two minutes to mimic participant
food preparation, except for the couscous and potato salad side dishes, which were to
be served cold. Reheated side dishes were analyzed when dishes were warm; couscous
and potato salad were analyzed chilled. Each sample was then ground evenly using an
electric meat grinder (Aobosi, Guangzhou, China), on the “Fine” setting. RS was then
immediately quantified by the Megazyme Resistant Starch Assay Kit (Megazyme, Bray,
Ireland), according to the kit instructions. The Megazyme RS Assay Kit is able to analyze
RS types 1, 2, and 3 and has a standard deviation of 3% and 3–5% between days according
to the manufacturer. RS determination was done in triplicate for each study dish. Grams
of RS were calculated by taking the percentage of RS wet weight and multiplying by the
serving weight (in grams) of each dish.

2.5. Diet Quality

As detailed previously [25], participants completed five dietary recalls, one at baseline
and one at the midpoint and end of each condition, using the Automated Self-Administered
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24-h dietary recall (ASA-24) (National Cancer Institute, version 2016, Bethesda, MD, USA).
These were scored using the Healthy Eating Index (HEI)-2015, a measure of adherence to
the 2015–2020 Dietary Guidelines for Americans, with the code developed by the National
Cancer Institute [26]. Exploratory correlations (Spearman) between baseline HEI-2015
total score and baseline fiber intake with baseline SCFA concentration were examined in
SAS 9.4. p-values of <0.05 were used to determine statistical significance. Correlations
with biochemical and vascular outcomes were not carried out as there were no significant
changes in these outcomes [25].

2.6. Fecal Sample Collection

Study participants provided five fecal samples, one at baseline and one at the midpoint
and end of each condition. Participants were instructed to collect the sample using the kit
provided (stool hat, long handled spoon, medical gloves, clean vial); the specific collection
protocol was explained, and written instructions were given. Participants were provided
with coolers and ice packs and directed to freeze their sample immediately and bring it on
ice within 24 h to the Clinical Research Center to be placed in a−80 ◦C freezer until analysis.

2.7. Short-Chain Fatty Acid Analysis

Fecal sample aliquots of approximately 0.25 g were thawed and diluted 1:5 with
10 mM H2SO4. Five 2 mm glass beads were added to each Eppendorf tube, and the samples
were vortexed until fully homogenized. Tubes were then centrifuged at 5000 rpm for
15 min at room temperature. The supernatant was collected and centrifuged again at
13,000 rpm for another 15 min. The supernatant was collected and finally passed through a
0.45 µM filter. High-performance liquid chromatography (HPLC) was conducted using the
Dionex ICS-5000+ DP equipped with Dionex VWD (Thermo Fisher, Waltham, MA, USA)
for UV detection of SCFAs. A sample volume (from the preparations above) of 25 µL was
injected into the system. The mobile phase was 5 mM H2SO4. Each run was 60 min of
isocratic mobile phase flowing at 0.450 mL/min at 50 ◦C. Separation of SCFA was carried
out with a guard column (Micro-Guard Cartridge Cation H+) and main column (Aminex
HPX-87H) (Bio-Rad, Hercules, CA, USA). Peak sizes and fecal sample SCFA concentrations
were calculated using the Chromeleon 7 analysis package (Thermo Fisher, Waltham, MA,
USA), using standard calibration curves for each SCFA. A retention time of 20.01 min for
acetate, 23.57 min for propionate, and 28.91 min for butyrate was used. Comparisons
between conditions were conducted in SAS 9.4. Variables with non-normal distributions
were log-transformed where appropriate. Mixed models were used to test the effect of
condition, with subject as a random effect and condition as a fixed effect. The effect of order
was included as a fixed effect, but it was removed from the final model as it was found not
to significantly affect the outcome. Tukey–Kramer adjustments were used to account for
multiple comparisons.

2.8. DNA Extractions and PCR Amplification

Fecal sample aliquots of approximately 0.25 g were thawed and placed in a bead
beating tube from the QIAamp Powerfecal DNA Kit (Qiagen, Hilden, Germany). Next,
700 µL of the PowerBead solution was added to the bead beating tube before lysing in a
BeadBeater (Biospec, Bartlesville, OK, USA) for 5 min at 3800 rpm. After lysing, the DNA
extraction was completed using Qiagen PowerFecal kit according to kit instructions, until
purified DNA was obtained. Extracted DNA of the V4 region of the 16S gene was amplified
using forward primer 505F (5′-TCG TCG GCA GCG TCA GAT GTG TAT AAG AGA CAG
GTG YCA GCM GCC GCG GA A-3′) and reverse primer 806R (5′-GTC TCG TGG GCT
CGG AGA TCT GRA TAA GAG ACA GGG ACT ACN VGG GTW TCT AAT-3′). The PCR
run conditions were as follows: 94 ◦C for 2 min, 30 cycles of 94 ◦C for 20 s, 56 ◦C for 30 s,
68 ◦C for 40 s, and finally, after cycle completion, 72 ◦C for 5 min.

PCR products were visualized on a 1% agarose gel stained with Midori Green DNA
stain (Nippon Genetics Europe, Duren, Germany) to look for approximately 270 base pair
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bands. Once confirmed for desired base pair length, samples were sent to Pennsylvania
State University’s Genomics Core Facility. Illumina adapters were added through a sec-
ondary PCR step. The PCR products were then normalized and purified before finally
being loaded on an Illumina MiSeq V2 kit (Illumina, San Diego, CA, USA) for 250 × 250 nu-
cleotide, paired-end sequencing.

2.9. Raw Sequence Processing

Detailed scripts used for processing can be found at: https://github.com/darrell25/
DeMartino_Potato (accessed on 15 December 2021). Raw sequencing outputs were returned
from the Genomics Core Facility as fastq files. Primer sequences were removed with the
program cutadapt (v3.1) [27]. The trimmed sequencing reads were then processed in the
program mothur, utilizing the MiSeq SOP method [28,29]. Forward and reverse reads were
merged together, and reads of incorrect length or with ambiguous reads were screened
out. Unique reads were then aligned to the Silva Database (version 132) [30]. Chimeric
sequences were removed with U-CHIME [31]. The de novo OTUs were then generated
using the opticlust algorithm at a cutoff of 0.03 or 97% similarity. Genus level taxonomy
was assigned with the RDP classifier and version 18 of the RDP training set [32]. Blast+
(National Center for Biotechnology Information (NCBI)) [33] was used to assign species
level taxonomy using the representative sequence of each OTU. Species names were only
assigned if the BLAST hit had at least 97% identity, otherwise the genus level designation
for the OTU was used. A phylogenetic tree for the de novo generated OTUs was produced
using the program FastTree [34] with the representative FASTA sequence for each OTU.

2.10. Diversity Analysis

Alpha diversity and beta diversity were analyzed at the genus level in R [35] utilizing
the Phyloseq [36], Vegan [37], Picante [38], Microbiome [39], DivNet [40], and Break-
away [41] packages. All R code utilized in this analysis can be found in the GitHub
repository referenced above. For all analyses, a Phyloseq object was first created consisting
of a transposed version of the OTU table (shared file) generated by mothur, the taxonomy
table generated by mothur updated with Blast+ species identifications and formatted for
Phyloseq, the phylogenetic tree produced by FastTree, and a meta data file containing diet
categories and information about the participants.

For alpha diversity, Faith’s phylogenetic diversity, Shannon diversity and Inverse
Simpson diversity were analyzed. For Faith’s phylogenetic diversity, the dataset was first
rarefied to an even number of reads for each sample by random subsampling (4173, the
minimum number of reads in any of the samples). The diversity was then calculated with
the Picante package through the ‘pd’ function [38]. The resulting diversity measures were
then compared between diet conditions with a linear mixed effect model with participant
ID as a random effect using the lmer function of the lmerTest package [42]. For Shannon and
Simpson diversity, the data were not rarefied and were instead determined via the DivNet
package, which also generated confidence intervals for the individual measurements. These
were then analyzed for significant differences between diet conditions, with the Breakaway
package using participant ID as a random effect [40].

For beta diversity, weighted UniFrac, Bray–Curtis dissimilarity, and Aitchison distance
analyses were performed. For weighted UniFrac analysis, the data were rarefied to an even
number of reads (4173) for each sample by random subsampling. The analysis was per-
formed using the ‘unifrac’ command in the Phyloseq package. Bray–Curtis distances were
generated with the DivNet package. Aitchison distances were calculated by performing
a centered-log-ratio transformation of the data with the Microbiome package, followed
by calculation of Euclidian distance via the Vegan package. All beta diversity distance
matrices were ordinated via principal coordinate analysis (Vegan ‘ordination’ function)
and plotted to look for diet-based clustering. Diet-driven differences in beta diversity were
statistically tested using the ‘adonis’ command in the Vegan package, which implements a
PERMANOVA test [43].

https://github.com/darrell25/DeMartino_Potato
https://github.com/darrell25/DeMartino_Potato
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2.11. Differential Abundance Analysis

Differential abundance analysis comparing the POT and REF dietary conditions was
performed with 3 techniques with differing statistical approaches: LEfSe (non-parametric
approach with relative abundances) [44], DeSEQ2 (Bayesian approach) [45], and ANCOM-
II (log-ratio approach) [46]. In all cases, the taxa were first filtered for abundance (minimum
0.001% of total reads) and prevalence (present in at least 5% of samples). All p-values were
corrected with the Benjamini–Hochberg method [47].

LEfSe was implemented through the Galaxy web application from the Huttenhower
lab [48]. First, a Kruskal–Wallis test determined significantly abundant taxa at p < 0.05.
Then, the effect size for each taxon was determined through a linear discriminant analysis
(LDA) score. Taxa were considered differential at p < 0.05 and LDA score above 2.0. DeSEQ2
analysis was utilized through R using the DeSEQ2 package. ANCOM-II analysis [49] was
performed in R using the implementation of Huang Lin [50]. Default parameters were
used except that the zero_cut parameter (1—prevalence fraction) was adjusted to 0.95 to
match the analysis performed with the other methods. Taxa were considered differentially
abundant if they passed the 0.7 threshold of the method as it does not generate p-values.

3. Results
3.1. Participants

Fifty adults (68% female) aged 40 ± 13 years with an average BMI of 24.5 ± 3.6 kg/m2

completed this study. One participant dropped out of the study due to scheduling conflicts
after baseline testing was performed. All participants who completed the study were
included in analyses. One of the fecal samples did not generate any sequences during the
sequencing run and had to be excluded from microbiota-based analyses, resulting in a total
of 249 samples.

3.2. Resistant Starch Analysis

RS was higher in the potato dishes compared to the refined grain dishes (POT: 1.31%
wet basis (95% CI: 0.94, 1.71); REF: 0.73% wet basis (95% CI: 0.34, 1.14); p = 0.03). Potato
study dishes ranged from 0.79% to 1.71% RS, while refined grain study dishes ranged from
0.1% to 1.9% RS (Table 1). Refined grain study dishes were more variable; white rice had the
lowest RS (0.1%), while garlic bread had the highest (1.9%). Therefore, study participants
were receiving on average an additional 1.74 g per day of RS when consuming the POT
dishes vs. the REF dishes.

Table 1. Resistant starch content of the study dishes.

Potato Dishes RS
(% Wet Basis ± SE) RS (Grams) Refined Grain

Dishes
RS

(% Wet Basis ± SE) RS (Grams)

Scalloped Potatoes 1.2 ± 0.05 2.7 g Garlic Bread 1.9 ± 0.02 1.2 g

Smashed Potatoes 1.5 ± 0.07 2.9 g Couscous Salad 0.6 ± 0.06 1.0 g

Roasted Paprika
Potatoes 1.4 ± 0.03 2.1 g Spanish Rice 0.1 ± 0.01 0.2 g

Herb Roasted
Potatoes 1.7 ± 0.08 2.6 g Red Pepper Rice 0.4 ± 0.04 0.7 g

Lemon Parsley
Potatoes 1.7 ± 0.10 2.7 g Naan 0.7 ± 0.61 0.6 g

Potato Salad 0.79 ± 0.04 2.1 g Parmesan Orzo 0.7 ± 0.02 0.8 g

Potato and
Spinach Casserole 1.0 ± 0.03 2.0 g Mac’ n Cheese 0.7 ± 0.01 0.1 g

* Mean 1.33 ± 0.18 2.4 g Mean 0.73 ± 0.18 0.66 g

Analyses were completed in triplicate, mean and SE presented here. RS analysis completed using Megazyme
Resistant Starch Assay Kit (Megazyme, Bray, Ireland). * Means are significantly different, p = 0.03.
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3.3. Short-Chain Fatty Acid Analysis

Butyrate, propionate, and acetate were not significantly different between conditions
(Table 2), and there were no significant changes from baseline. Acetate was present in the
greatest concentration compared to butyrate and propionate.

Table 2. Short-chain fatty acids, endpoint-to-endpoint means, and changes from baseline.

Short-Chain
Fatty Acid Baseline

Potato Refined Grain Change
between

Conditions
p *

Endpoint Change from
Baseline Endpoint Change from

Baseline

Butyrate (mM) 13.6
(11.8, 15.3) 12.5 (10.7, 14.2) −1.1 (−3.6, 1.4) 12.5 (10.8, 14.3) −1.0 (−3.5, 1.5) 0.1 (−2.4, 2.6) 0.943

Propionate
(mM)

12.1
(10.6, 13.6) 11.5 (9.9, 13.0) −0.6 (−2.7, 1.4) 12.3 (10.8, 13.9) 0.2 (−1.8, 2.3) 0.9 (−1.1, 2.9) 0.704

Acetate (mM) 68.6
(62.1, 75.2) 68.3 (61.8, 74.7) −0.4 (−10.7, 10.0) 72.6 (66.1, 79.1) 3.9 (−6.3, 14.3) 4.3 (−5.9, 14.6) 0.551

Data presented as LS means (95% CI). * Between condition differences.

3.4. Alpha and Beta Diversity

For alpha diversity, both Shannon diversity and inverse Simpson diversity were higher
in the REF diet as compared to the POT diet, but the magnitude of the difference in both
cases was small and very similar to baseline levels (Figure 2). There was no significant
change observed in Faith’s phylogenetic diversity. For beta diversity as determined by
Bray–Curtis, Aitchison and Weighted UniFrac, there were no clear separations by diet
conditions in PCoA plots (Figure 3), and PERMANOVA analysis did not detect any sig-
nificant differences by any of these measures. While the microbial communities did differ
significantly by gender, age, and BMI, controlling for these variables did not reveal diet
dependent effects at the community level.
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Figure 3. Beta diversity analysis. The microbiotas of all participants were assessed for between sample
microbial diversity at baseline and during each diet condition. Bray–Curtis dissimilarity, Aitchison
distance, and Weighted-UniFrac were used to assess the differences between the communities via
principal coordinate analysis. Statistical comparison was made via PERMANOVA analysis. p < 0.05
was considered significant.

3.5. Correlations

There was a significant correlation between baseline HEI-2015 score and baseline
acetate levels (rho = 0.36, p = 0.01), but not between baseline HEI-2015 and butyrate or
propionate. No significant correlations were found between baseline dietary fiber intake
and baseline SCFA. There were also no significant correlations found with SCFA and
baseline fasting glucose or weight (Table 3).

Table 3. Baseline correlations between dietary intake, fasting glucose, weight, and SCFA and alpha diversity.

Correlations Butyrate Propionate Acetate Alpha Diversity
(Shannon)

HEI-2015 a −0.13 0.15 0.36 * −0.05
Fiber a −0.24 −0.16 −0.18 −0.07
FBG a −0.21 0.1 0.01 0.07

Weight a 0.07 0.07 −0.02 0.15
a values of the parameters used in this analysis come from [25]. Data presented as rho (Spearman correlation).
* Significant correlation (p = 0.01).

3.6. Differential Abundance

Differential abundance analysis using three methods (LEfSe, DESeq2, and ANCOM-II.)
was conducted to test which taxa were enriched under each diet condition. Given the
contrasting approaches each of these methods uses to measure differential abundance,
taxa identified by two or more of these methods are more likely to be truly different
between the conditions. Using this approach found no enriched taxa at the phylum
level, eight enriched genera, and nine enriched OTUs (Figure 4). Of these, two OTUs,
identified as Hungatella xylanolytica and Roseburia faecis were found to be enriched in the
POT condition vs. REF by all three methods. Additionally, the Hungatella genus was found
to be differentially abundant by all three methods, while the Roseburia genus was not
found to be significantly changed. The Hungatella xylanolytica OTU was the only prominent
member of that genus, while there are several Roseburia OTUs among the top 100 most
abundant. While a number of other genera and OTUs were identified to be significantly
enriched in one of the conditions, in all of these cases, it was only a single method that
identified the difference, and more skepticism should therefore be applied.
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Figure 4. Differential abundance analysis. The heatmap is colored by the standardized change in
the relative abundance of the taxon between the baseline and each of the diet conditions. Significant
differences were calculated by three methods: LEfSe, DESeq2, and ANCOM-II. Significance is
indicated by * for one method finding the taxon significantly different between that treatment and
the control, *** for all three methods detecting a significant change. For LEfSe and DESeq2, adjusted
p-values of 0.05 were used as the cutoff for significance, while for ANCOM-II, which does not generate
p-values, the default cutoff threshold of 0.7 was used.

4. Discussion

In this study, intake of one potato-based dish per day, representing a relatively small
increase in RS, induced an increase in abundances of R. faecis and H. xylanolytica, with a
slight decrease in alpha diversity in comparison to intake of a refined grain-based dish. The
potato dishes provided, on average, an additional 1.74 g of RS per day, far lower than has
been previously tested in studies providing supplemental doses but representing a feasible
dietary intake level for free-living individuals. Note that this still represents a substantial
proportion of the average RS intake in the US, estimated at <6 g/day [21]. Raw potatoes
contain far higher levels of RS, but much of this is lost during the cooking process. However,
as this study has shown, significant amounts of RS2 can survive in these food products,
and RS3 can be formed in dishes such as potato salad. It is also possible that the utilization
of frozen dishes in this study led to the formation of RS3 in all dishes. Intriguingly, this
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small addition of RS to the daily diet led to detectable changes in the gut microbiota; the
cross-over design of this study reduced the confounding effects of microbiota individuality
due to factors such as age, gender, BMI, and many others.

Few studies have examined the impacts of low doses of RS on the gut microbiota or
the dose dependence of RS effects on the gut microbiota. Studies have been conducted in
mice [51] and rats [52] examining the dose-dependent impacts of high amylose maize starch,
an RS2. In these studies, impacts were still measurable in the lowest doses, but at 10% [52]
and 18% [51] of the diet, the low doses in these studies still represent far higher levels of
RS consumption than would be feasible for humans. In a recent study, Deehan et al. [53]
examined doses ranging from 10 to 50 g/day of several RS4 (chemically modified starch)
varieties in human volunteers. While changes in SCFA and diversity at the 10 g/day doses
followed the trends seen at higher doses, they were not statistically significant. However, in
some cases, differential abundance analysis revealed taxa-specific changes at the 10 g/day
dose that were confirmed and strengthened at higher doses. It should be noted that the RS4
starches were particularly resistant, only slowly digested even by gut RS degrading bacteria
in most cases. Thus, similar effects from more digestible RS2 starches might be expected
at lower doses. Baxter et al. [18] reported increased fecal butyrate levels detected at a
14 g/day dose level for potato starch, though did not report on microbiota changes at this
dose level. Furthermore, isolated prebiotic potato starch has been shown to significantly
increase levels of Bifidobacterium [54,55], one of the most commonly reported effects of
potato starch consumption on the gut microbiota [56]. In unpublished results, the same
group has seen Bifidobacterium increases in doses as low as 3.5 g/day.

In the current study, the potato condition resulted in a decrease in both Shannon and
Inverse Simpson diversity (though not Faith’s phylogenetic diversity) compared to the
refined grain condition, which was not different from baseline for any of the alpha diversity
measures. It is interesting that this low level of RS addition to the diet produced a detectable
decrease in diversity. While we cannot say for certain that the changes to the microbiota
induced by the potato dishes is due to the RS increase, this finding aligns with past RS
supplementation studies, including with potato starch, though with much higher levels of
RS [56]. It is likely that the relatively specialized nature of the community that responds to
RS accounts for this diversity decrease, which may have detrimental impacts that somewhat
offset the benefits of RS. Low levels of alpha diversity are associated with greater risk of
low-grade chronic inflammation, obesity, and insulin resistance than higher levels of alpha
diversity [57,58]. This may suggest that even low levels of RS supplementation would
benefit from complementary dietary changes to maintain diversity, though it is possible that
a decrease in diversity resulting from an increase in beneficial organisms is less detrimental.

Diet quality in the TwinsUK cohort was evaluated using three indices of diet qual-
ity, including the Healthy Eating Index, and researchers showed that HEI was the best
diet quality predictor of diversity in gut microbiota [59]. That study found that higher
Mediterranean Diet scores and HEI scores were positively associated with greater levels
of Shannon diversity. A study of 84 pregnant women with overweight and obesity also
found that greater diet quality was associated with increased microbial diversity using
the Shannon Index, and the bacterial species Faecalibacterium prausnitzii was also present
in greater abundance in the group with higher diet quality [60]. We did not observe a
significant correlation between baseline diet quality, as measured by the HEI-2015, and
alpha diversity, likely due to the small sample size and the relatively healthy population
being sampled. We did see a positive correlation between HEI-2015 and acetate levels
in the gut, which as the most abundant of the SCFA may be a general proxy for overall
fiber fermentation.

While the RS content of the participants’ background diets was not directly measured,
minimal dietary changes were observed based on the 24 h recall data [25]. It is also
important to note that throughout the study, participants were instructed to only consume
the potatoes provided and no other potato-based products, making it easier to detect potato-
induced changes when comparing the potato and refined grain conditions. Furthermore,
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past studies have generally found that microbiota changes induced by RS are unique to the
source of RS [18,23,53], suggesting that background non-potato RS in the diet would have
minimal impact on our ability to detect potato RS specific changes. It was expected that the
most prominent signal from the gut microbiota in response to the addition of RS to the diet
from the potato dishes would be from the known RS degrading bacteria in the human gut,
Bifidobacterium adolescentis and Ruminococcus bromii. Past studies with potato starch, albeit
at higher doses, have consistently noted increased levels of B. adolescentis in particular [56].
Neither of these bacteria were found to be significantly changed in this study, though they
were the 9th (B. adolescentis) and 30th (R. bromii) most abundant OTUs overall, perhaps
due to natural background fluctuations in these populations that masked their response
to the RS. Two OTUs were found to increase in response to the potato diet, Hungatella
xylanolytica and Roseburia faecis. Both H. xylanolytica (formerly Bacteroides xylanolyticus)
and R. faecis are known starch degrading organisms [61,62]; however, while there are no
reports of testing their growth on RS, neither of their genomes seem to contain the diverse
set of extracellular starch digesting enzymes found in B. adolescentis or R. bromii for RS
digestion [63–65]. Instead, these organisms are likely to be secondary participants in RS
degradation, depending on B. adolescentis and R. bromii to initiate the process. It is likely
that the complement of enzymes for starch digestion in R. faecis is similar to that found in
the closely related and well characterized Eubacterium rectale. Despite having a complement
of extracellular starch degrading enzymes and maltooligosaccharide transporters [66–68],
E. rectale grows poorly on RS, and its enzymes are particularly ill suited to digesting intact
potato starch. It is therefore likely that R. faecis is similarly dependent on a true RS degrading
bacterium to initiate digestion, though like E. rectale (and unlike the RS degraders), it is a
butyrate-producing bacterium that can contribute to some of the beneficial health effects
seen with RS. The current study did not produce an increase in fecal butyrate levels;
however, it is possible that butyrate production was slightly increased and compensated
for by increased intestinal absorption.

In a companion study, 11 of the fecal samples from this study were used as the
inoculum for in vitro fermentation experiments to test the abilities of these microbiotas to
produce butyrate from a panel of resistant and non-resistant starches [20]. Looking at the
results for the two individuals for which both species were detected in both the in vivo
and in vitro experiments is potentially informative (Figure S1). For one of the subjects
(Figure S1A,C), the potato side dish increased both species relative to the refined grain side
dish, with similar levels of increase for potato starch granules during in vitro fermentation.
However, both species increased more dramatically in cultures with retrograded potato
starch. The same is true for R. faecis in the other subject (Figure S1B,D), though the trends
are reversed for H. xylanolytica for this individual. This suggests that the presence of
retrograded potato starch may be an important factor driving the changes seen.

Intake of one potato-based side dish per day, containing 2.0–2.9 g RS compared to an
isocaloric amount of refined grains in healthy adults, resulted in shifts in the gut microbiota.
Abundance differences were found following both conditions for butyrate-producing and
carbohydrate-degrading taxa,. however, no significant differences were observed in known
RS degraders or fecal SCFA. The results of this study suggest that substituting one potato
side dish for one refined grain side dish can influence the gut microbiota; however, the
functional implications of these changes remain unclear. In conclusion, daily intake of
one portion-controlled potato dish prepared in a healthy way increases RS intake and had
measurable impact on the gut microbiota. Further research is required to understand the
longer-term impacts of small increases in dietary RS on the gut microbiota.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/nu14030721/s1, Figure S1: Comparison between in vitro and
in vivo studies.

https://www.mdpi.com/article/10.3390/nu14030721/s1
https://www.mdpi.com/article/10.3390/nu14030721/s1


Nutrients 2022, 14, 721 12 of 15

Author Contributions: Conceptualization, E.A.J., K.S.P., P.M.K.-E. and D.W.C.; methodology, P.D.,
E.A.J. and K.S.P.; validation, P.D. and E.A.J.; formal analysis, P.D., E.A.J. and D.W.C.; investigation,
P.D. and E.A.J.; resources, P.M.K.-E. and D.W.C.; data curation, D.W.C.; writing—original draft
preparation, P.D., E.A.J. and D.W.C.; writing—review and editing, P.D., E.A.J., K.S.P., P.M.K.-E. and
D.W.C.; visualization, E.A.J. and D.W.C.; supervision, P.M.K.-E. and D.W.C.; project administration,
P.M.K.-E. and D.W.C.; funding acquisition, K.S.P., P.M.K.-E. and D.W.C. All authors have read and
agreed to the published version of the manuscript.

Funding: The Alliance for Potato Research and Education provided funds for the trial conducted.
Their staff were not involved in any aspects of conducting the study, analyzing the data, or interpreting
the results. The project described was supported by the National Center for Advancing Translational
Sciences, National Institutes of Health (NIH), through grant UL1 TR002014. The content is solely the
responsibility of the authors and does not necessarily represent the official views of the NIH. DC
was supported in this work by the American Heart Association (grant number 17SDG32770001) and
USDA National Institute of Food and Agriculture Federal Appropriations under Project PEN04650
and Accession number 1015962.

Institutional Review Board Statement: The study was conducted in accordance with the Dec-
laration of Helsinki and approved by the Institutional Review Board of The Pennsylvania State
University (STUDY00007854).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: All microbiota sequence data were deposited into the NCBI sequence
read archive under BioProject PRJNA780023. All code used in this manuscript can be found at:
https://github.com/darrell25/DeMartino_Potato (accessed on 15 December 2021).

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.

References
1. Duranti, S.; Ferrario, C.; van Sinderen, D.; Ventura, M.; Turroni, F. Obesity and microbiota: An example of an intricate relationship.

Genes Nutr. 2017, 12, 18. [CrossRef] [PubMed]
2. Zhao, L.; Zhang, F.; Ding, X.; Wu, G.; Lam, Y.Y.; Wang, X.; Fu, H.; Xue, X.; Lu, C.; Ma, J.; et al. Gut bacteria selectively promoted

by dietary fibers alleviate type 2 diabetes. Science 2018, 359, 1151–1156. [CrossRef] [PubMed]
3. Rothschild, D.; Weissbrod, O.; Barkan, E.; Kurilshikov, A.; Korem, T.; Zeevi, D.; Costea, P.I.; Godneva, A.; Kalka, I.N.; Bar, N.; et al.

Environment dominates over host genetics in shaping human gut microbiota. Nature 2018, 555, 210–215. [CrossRef] [PubMed]
4. U.S. Department of Agriculture; U.S. Department of Health. Dietary Guidelines for Americans, 2020–2025. Available online:

https://DietaryGuidelines.gov (accessed on 17 December 2021).
5. Veronese, N.; Solmi, M.; Caruso, M.G.; Giannelli, G.; Osella, A.R.; Evangelou, E.; Maggi, S.; Fontana, L.; Stubbs, B.; Tzoulaki, I.

Dietary fiber and health outcomes: An umbrella review of systematic reviews and meta-analyses. Am. J. Clin. Nutr. 2018, 107,
436–444. [CrossRef]

6. Cockburn, D.W.; Koropatkin, N.M. Polysaccharide Degradation by the Intestinal Microbiota and Its Influence on Human Health
and Disease. J. Mol. Biol. 2016, 428, 3230–3252. [CrossRef]

7. Institute of Medicine. Dietary Reference Intakes for Energy, Carbohydrate, Fiber, Fat, Fatty Acids, Cholesterol, Protein, and Amino Acids;
The National Academies Press: Washington, DC, USA, 2005; p. 1358.

8. Koh, A.; De Vadder, F.; Kovatcheva-Datchary, P.; Bäckhed, F. From Dietary Fiber to Host Physiology: Short-Chain Fatty Acids as
Key Bacterial Metabolites. Cell 2016, 165, 1332–1345. [CrossRef]

9. Tan, J.; McKenzie, C.; Potamitis, M.; Thorburn, A.N.; Mackay, C.R.; Macia, L. The role of short-chain fatty acids in health and
disease. Adv. Immunol. 2014, 121, 91–119. [CrossRef]

10. Geirnaert, A.; Calatayud, M.; Grootaert, C.; Laukens, D.; Devriese, S.; Smagghe, G.; De Vos, M.; Boon, N.; Van de Wiele, T.
Butyrate-producing bacteria supplemented in vitro to Crohn’s disease patient microbiota increased butyrate production and
enhanced intestinal epithelial barrier integrity. Sci. Rep. 2017, 7, 11450. [CrossRef]

11. Li, Q.; Cao, L.; Tian, Y.; Zhang, P.; Ding, C.; Lu, W.; Jia, C.; Shao, C.; Liu, W.; Wang, D.; et al. Butyrate Suppresses the Proliferation
of Colorectal Cancer Cells via Targeting Pyruvate Kinase M2 and Metabolic Reprogramming. Mol. Cell. Proteom. 2018, 17,
1531–1545. [CrossRef]

12. Zheng, L.; Kelly, C.J.; Battista, K.D.; Schaefer, R.; Lanis, J.M.; Alexeev, E.E.; Wang, R.X.; Onyiah, J.C.; Kominsky, D.J.; Colgan, S.P.
Microbial-Derived Butyrate Promotes Epithelial Barrier Function through IL-10 Receptor-Dependent Repression of Claudin-2.
J. Immunol. 2017, 199, 2976–2984. [CrossRef]

https://github.com/darrell25/DeMartino_Potato
http://doi.org/10.1186/s12263-017-0566-2
http://www.ncbi.nlm.nih.gov/pubmed/28638490
http://doi.org/10.1126/science.aao5774
http://www.ncbi.nlm.nih.gov/pubmed/29590046
http://doi.org/10.1038/nature25973
http://www.ncbi.nlm.nih.gov/pubmed/29489753
https://DietaryGuidelines.gov
http://doi.org/10.1093/ajcn/nqx082
http://doi.org/10.1016/j.jmb.2016.06.021
http://doi.org/10.1016/j.cell.2016.05.041
http://doi.org/10.1016/b978-0-12-800100-4.00003-9
http://doi.org/10.1038/s41598-017-11734-8
http://doi.org/10.1074/mcp.RA118.000752
http://doi.org/10.4049/jimmunol.1700105


Nutrients 2022, 14, 721 13 of 15

13. DeMartino, P.; Cockburn, D.W. Resistant starch: Impact on the gut microbiome and health. Curr. Opin. Biotechnol. 2019, 61, 66–71.
[CrossRef] [PubMed]

14. Bindels, L.B.; Segura Munoz, R.R.; Gomes-Neto, J.C.; Mutemberezi, V.; Martínez, I.; Salazar, N.; Cody, E.A.; Quintero-Villegas,
M.I.; Kittana, H.; de Los Reyes-Gavilán, C.G.; et al. Resistant starch can improve insulin sensitivity independently of the gut
microbiota. Microbiome 2017, 5, 12. [CrossRef] [PubMed]

15. Patterson, M.A.; Maiya, M.; Stewart, M.L. Resistant Starch Content in Foods Commonly Consumed in the United States: A
Narrative Review. J. Acad. Nutr. Diet. 2020, 120, 230–244. [CrossRef] [PubMed]

16. Bello-Perez, L.A.; Flores-Silva, P.C.; Agama-Acevedo, E.; Tovar, J. Starch digestibility: Past, present, and future. J. Sci. Food Agric.
2018, 100, 5009–5016. [CrossRef]

17. Venkataraman, A.; Sieber, J.R.; Schmidt, A.W.; Waldron, C.; Theis, K.R.; Schmidt, T.M. Variable responses of human microbiomes
to dietary supplementation with resistant starch. Microbiome 2016, 4, 33. [CrossRef]

18. Baxter, N.T.; Schmidt, A.W.; Venkataraman, A.; Kim, K.S.; Waldron, C.; Schmidt, T.M. Dynamics of Human Gut Microbiota
and Short-Chain Fatty Acids in Response to Dietary Interventions with Three Fermentable Fibers. MBio 2019, 10, e02566-18.
[CrossRef]

19. Jiminez, J.A.; Uwiera, T.C.; Abbott, D.W.; Uwiera, R.R.E.; Inglis, G.D. Impacts of resistant starch and wheat bran consumption on
enteric inflammation in relation to colonic bacterial community structures and short-chain fatty acid concentrations in mice. Gut
Pathog. 2016, 8, 67. [CrossRef] [PubMed]

20. Teichmann, J.; Cockburn, D.W. In vitro Fermentation Reveals Changes in Butyrate Production Dependent on Resistant Starch
Source and Microbiome Composition. Front. Microbiol. 2021, 12, 640253. [CrossRef]

21. Lockyer, S.; Nugent, A.P. Health effects of resistant starch. Nutr. Bull. 2017, 42, 10–41. [CrossRef]
22. Klosterbuer, A.S.; Hullar, M.A.; Li, F.; Traylor, E.; Lampe, J.W.; Thomas, W.; Slavin, J.L. Gastrointestinal effects of resistant starch,

soluble maize fibre and pullulan in healthy adults. Br. J. Nutr. 2013, 110, 1068–1074. [CrossRef]
23. Martínez, I.; Kim, J.; Duffy, P.R.; Schlegel, V.L.; Walter, J. Resistant starches types 2 and 4 have differential effects on the composition

of the fecal microbiota in human subjects. PLoS ONE 2010, 5, e15046. [CrossRef] [PubMed]
24. Stewart, M.L.; Zimmer, J.P. A High Fiber Cookie Made with Resistant Starch Type 4 Reduces Post-Prandial Glucose and Insulin

Responses in Healthy Adults. Nutrients 2017, 9, 237. [CrossRef]
25. Johnston, E.A.; Petersen, K.S.; Kris-Etherton, P.M. Daily intake of non-fried potato does not affect markers of glycaemia and is

associated with better diet quality compared with refined grains: A randomised, crossover study in healthy adults. Br. J. Nutr.
2020, 123, 1032–1042. [CrossRef]

26. National Cancer Institute. SAS Code for Calculating HEI. Available online: https://epi.grants.cancer.gov/hei/sas-code.html
(accessed on 28 April 2020).

27. Martin, M. Cutadapt removes adapter sequences from high-throughput sequencing reads. EMBnet J. 2011, 17, 10–12. [CrossRef]
28. Schloss, P.D.; Westcott, S.L.; Ryabin, T.; Hall, J.R.; Hartmann, M.; Hollister, E.B.; Lesniewski, R.A.; Oakley, B.B.; Parks, D.H.;

Robinson, C.J.; et al. Introducing mothur: Open-source, platform-independent, community-supported software for describing
and comparing microbial communities. Appl. Environ. Microbiol. 2009, 75, 7537–7541. [CrossRef]

29. Schloss, P.D. Mothur MiSeq SOP. Available online: https://mothur.org/wiki/miseq_sop/ (accessed on 5 May 2020).
30. Quast, C.; Pruesse, E.; Yilmaz, P.; Gerken, J.; Schweer, T.; Yarza, P.; Peplies, J.; Glöckner, F.O. The SILVA ribosomal RNA gene

database project: Improved data processing and web-based tools. Nucleic Acids Res. 2013, 41, D590–D596. [CrossRef] [PubMed]
31. Edgar, R.C.; Haas, B.J.; Clemente, J.C.; Quince, C.; Knight, R. UCHIME improves sensitivity and speed of chimera detection.

Bioinformatics 2011, 27, 2194–2200. [CrossRef]
32. Cole, J.R.; Wang, Q.; Fish, J.A.; Chai, B.; McGarrell, D.M.; Sun, Y.; Brown, C.T.; Porras-Alfaro, A.; Kuske, C.R.; Tiedje, J.M.

Ribosomal Database Project: Data and tools for high throughput rRNA analysis. Nucleic Acids Res. 2014, 42, D633–D642.
[CrossRef] [PubMed]

33. Camacho, C.; Coulouris, G.; Avagyan, V.; Ma, N.; Papadopoulos, J.; Bealer, K.; Madden, T.L. BLAST+: Architecture and
applications. BMC Bioinform. 2009, 10, 421. [CrossRef]

34. Price, M.N.; Dehal, P.S.; Arkin, A.P. FastTree 2—Approximately maximum-likelihood trees for large alignments. PLoS ONE 2010,
5, e9490. [CrossRef]

35. R Core Team. R Statistical Software, version 4.1.2; Available online: https://www.r-project.org (accessed on 30 September 2021).
36. McMurdie, P.J.; Holmes, S. phyloseq: An R package for reproducible interactive analysis and graphics of microbiome census data.

PLoS ONE 2013, 8, e61217. [CrossRef] [PubMed]
37. Oksanen, J.; Blanchet, G.; Friendly, M.; Kindt, R.; Legendre, P.; McGlinn, D.; Minchin, P.R.; O’Hara, R.B.; Simpson, G.L.; Solymos,

P.; et al. Vegan: Community Ecology Package. Available online: https://CRAN.R-project.org/package=vegan (accessed on
30 September 2021).

38. Kembel, S.W.; Cowan, P.D.; Helmus, M.R.; Cornwell, W.K.; Morlon, H.; Ackerly, D.D.; Blomberg, S.P.; Webb, C.O. Picante: R tools
for integrating phylogenies and ecology. Bioinformatics 2010, 26, 1463–1464. [CrossRef]

39. Lahti, L.; Shetty, S. Microbiome R Package. Available online: https://github.com/microbiome/microbiome (accessed on
30 September 2021).

40. Willis, A.; Bunge, J.; Whitman, T. Improved detection of changes in species richness in high diversity microbial communities. J. R.
Stat. Soc. Ser. C Appl. Stat. 2017, 66, 963–977. [CrossRef]

http://doi.org/10.1016/j.copbio.2019.10.008
http://www.ncbi.nlm.nih.gov/pubmed/31765963
http://doi.org/10.1186/s40168-017-0230-5
http://www.ncbi.nlm.nih.gov/pubmed/28166818
http://doi.org/10.1016/j.jand.2019.10.019
http://www.ncbi.nlm.nih.gov/pubmed/32040399
http://doi.org/10.1002/jsfa.8955
http://doi.org/10.1186/s40168-016-0178-x
http://doi.org/10.1128/mBio.02566-18
http://doi.org/10.1186/s13099-016-0149-6
http://www.ncbi.nlm.nih.gov/pubmed/28031748
http://doi.org/10.3389/fmicb.2021.640253
http://doi.org/10.1111/nbu.12244
http://doi.org/10.1017/S0007114513000019
http://doi.org/10.1371/journal.pone.0015046
http://www.ncbi.nlm.nih.gov/pubmed/21151493
http://doi.org/10.3390/nu9030237
http://doi.org/10.1017/S0007114520000252
https://epi.grants.cancer.gov/hei/sas-code.html
http://doi.org/10.14806/ej.17.1.200
http://doi.org/10.1128/AEM.01541-09
https://mothur.org/wiki/miseq_sop/
http://doi.org/10.1093/nar/gks1219
http://www.ncbi.nlm.nih.gov/pubmed/23193283
http://doi.org/10.1093/bioinformatics/btr381
http://doi.org/10.1093/nar/gkt1244
http://www.ncbi.nlm.nih.gov/pubmed/24288368
http://doi.org/10.1186/1471-2105-10-421
http://doi.org/10.1371/journal.pone.0009490
https://www.r-project.org
http://doi.org/10.1371/journal.pone.0061217
http://www.ncbi.nlm.nih.gov/pubmed/23630581
https://CRAN.R-project.org/package=vegan
http://doi.org/10.1093/bioinformatics/btq166
https://github.com/microbiome/microbiome
http://doi.org/10.1111/rssc.12206


Nutrients 2022, 14, 721 14 of 15

41. Willis, A.D.; Martin, B.D. Estimating diversity in networked ecological communities. Biostatistics 2020, 23, 207–222. [CrossRef]
42. Kuznetsova, A.; Brockhoff, P.B.; Christensen, R.H.B. ImerTest Package: Tests in Linear Mixed Effects Models. J. Stat. Softw. 2017,

82, 1–26. [CrossRef]
43. Anderson, M.J. A new method for non-parametric multivariate analysis of variance. Austral Ecol. 2001, 26, 32–46. [CrossRef]
44. Segata, N.; Izard, J.; Waldron, L.; Gevers, D.; Miropolsky, L.; Garrett, W.S.; Huttenhower, C. Metagenomic biomarker discovery

and explanation. Genome Biol. 2011, 12, R60. [CrossRef]
45. Love, M.I.; Huber, W.; Anders, S. Moderated estimation of fold change and dispersion for RNA-seq data with DESeq2. Genome

Biol. 2014, 15, 550. [CrossRef]
46. Kaul, A.; Mandal, S.; Davidov, O.; Peddada, S.D. Analysis of Microbiome Data in the Presence of Excess Zeros. Front. Microbiol.

2017, 8, 2114. [CrossRef]
47. Benjamini, Y.; Hochberg, Y. Controlling the False Discovery Rate: A Practical and Powerful Approach to Multiple Testing. J. R.

Stat. Soc. Ser. B Methodol. 1995, 57, 289–300. [CrossRef]
48. Huttenhower, C. Huttenhower Lab Galaxy Server. Available online: https://huttenhower.sph.harvard.edu/galaxy/ (accessed on

9 November 2020).
49. Mandal, S.; Van Treuren, W.; White, R.A.; Eggesbø, M.; Knight, R.; Peddada, S.D. Analysis of composition of microbiomes: A

novel method for studying microbial composition. Microb. Ecol. Health Dis. 2015, 26, 27663. [CrossRef] [PubMed]
50. Lin, H. ANCOM v2.1. Available online: https://github.com/FrederickHuangLin/ANCOM (accessed on 30 September 2021).
51. Tachon, S.; Zhou, J.; Keenan, M.; Martin, R.; Marco, M.L. The intestinal microbiota in aged mice is modulated by dietary resistant

starch and correlated with improvements in host responses. FEMS Microbiol. Ecol. 2013, 83, 299–309. [CrossRef]
52. Toden, S.; Bird, A.R.; Topping, D.L.; Conlon, M.A. Dose-dependent reduction of dietary protein-induced colonocyte DNA damage

by resistant starch in rats correlates more highly with caecal butyrate than with other short chain fatty acids. Cancer Biol. Ther.
2007, 6, 253–258. [CrossRef] [PubMed]

53. Deehan, E.C.; Yang, C.; Perez-Muñoz, M.E.; Nguyen, N.K.; Cheng, C.C.; Triador, L.; Zhang, Z.; Bakal, J.A.; Walter, J. Precision
Microbiome Modulation with Discrete Dietary Fiber Structures Directs Short-Chain Fatty Acid Production. Cell Host Microbe 2020,
27, 389.e6–404.e6. [CrossRef] [PubMed]

54. Alfa, M.J.; Strang, D.; Tappia, P.S.; Graham, M.; Van Domselaar, G.; Forbes, J.D.; Laminman, V.; Olson, N.; DeGagne, P.; Bray,
D.; et al. A randomized trial to determine the impact of a digestion resistant starch composition on the gut microbiome in older
and mid-age adults. Clin. Nutr. 2018, 37, 797–807. [CrossRef]

55. Bush, J.R.; Alfa, M.J. Increasing levels of Parasutterella in the gut microbiome correlate with improving low-density lipoprotein
levels in healthy adults consuming resistant potato starch during a randomised trial. BMC Nutr. 2020, 6, 72. [CrossRef]

56. Bendiks, Z.A.; Knudsen, K.E.B.; Keenan, M.J.; Marco, M.L. Conserved and variable responses of the gut microbiome to resistant
starch type 2. Nutr. Res. 2020, 77, 12–28. [CrossRef]

57. Wen, L.; Duffy, A. Factors Influencing the Gut Microbiota, Inflammation, and Type 2 Diabetes. J. Nutr. 2017, 147, 1468s–1475s.
[CrossRef]

58. Hills, R.D., Jr.; Pontefract, B.A.; Mishcon, H.R.; Black, C.A.; Sutton, S.C.; Theberge, C.R. Gut Microbiome: Profound Implications
for Diet and Disease. Nutrients 2019, 11, 1613. [CrossRef]

59. Bowyer, R.C.E.; Jackson, M.A.; Pallister, T.; Skinner, J.; Spector, T.D.; Welch, A.A.; Steves, C.J. Use of dietary indices to control for
diet in human gut microbiota studies. Microbiome 2018, 6, 77. [CrossRef]

60. Laitinen, K.; Mokkala, K. Overall Dietary Quality Relates to Gut Microbiota Diversity and Abundance. Int. J. Mol. Sci. 2019,
20, 1835. [CrossRef] [PubMed]

61. Fields, M.W.; Ryals, P.E.; Anderson, K.L. Polysaccharide inducible outer membrane proteins of Bacteroides xylanolyticus X5-1.
Anaerobe 1997, 3, 43–48. [CrossRef] [PubMed]

62. Sheridan, P.O.; Martin, J.C.; Lawley, T.D.; Browne, H.P.; Harris, H.M.B.; Bernalier-Donadille, A.; Duncan, S.H.; O’Toole, P.W.;
Scott, K.P.; Flint, H.J. Polysaccharide utilization loci and nutritional specialization in a dominant group of butyrate-producing
human colonic Firmicutes. Microb. Genom. 2016, 2, e000043. [CrossRef]

63. Jung, D.H.; Seo, D.H.; Kim, Y.J.; Chung, W.H.; Nam, Y.D.; Park, C.S. The presence of resistant starch-degrading amylases in
Bifidobacterium adolescentis of the human gut. Int. J. Biol. Macromol. 2020, 161, 389–397. [CrossRef] [PubMed]

64. Ze, X.; David, B.; Laverde-Gomez, J.A.; Dassa, B.; Sheridan, P.O.; Duncan, S.H.; Louis, P.; Henrissat, B.; Juge, N.; Koropatkin, N.M.;
et al. Unique organization of extracellular amylases into amylosomes in the resistant starch-utilizing human colonic Firmicutes
bacterium Ruminococcus bromii. mBio 2015, 6, e01058-15. [CrossRef] [PubMed]

65. Mukhopadhya, I.; Morais, S.; Laverde-Gomez, J.; Sheridan, P.O.; Walker, A.W.; Kelly, W.; Klieve, A.V.; Ouwerkerk, D.; Duncan,
S.H.; Louis, P.; et al. Sporulation capability and amylosome conservation among diverse human colonic and rumen isolates of the
keystone starch-degrader Ruminococcus bromii. Environ. Microbiol. 2018, 20, 324–336. [CrossRef]

66. Cockburn, D.W.; Orlovsky, N.I.; Foley, M.H.; Kwiatkowski, K.J.; Bahr, C.M.; Maynard, M.; Demeler, B.; Koropatkin, N.M.
Molecular details of a starch utilization pathway in the human gut symbiont Eubacterium rectale. Mol. Microbiol. 2015, 95, 209–230.
[CrossRef] [PubMed]

http://doi.org/10.1093/biostatistics/kxaa015
http://doi.org/10.18637/jss.v082.i13
http://doi.org/10.1111/j.1442-9993.2001.01070.pp.x
http://doi.org/10.1186/gb-2011-12-6-r60
http://doi.org/10.1186/s13059-014-0550-8
http://doi.org/10.3389/fmicb.2017.02114
http://doi.org/10.1111/j.2517-6161.1995.tb02031.x
https://huttenhower.sph.harvard.edu/galaxy/
http://doi.org/10.3402/mehd.v26.27663
http://www.ncbi.nlm.nih.gov/pubmed/26028277
https://github.com/FrederickHuangLin/ANCOM
http://doi.org/10.1111/j.1574-6941.2012.01475.x
http://doi.org/10.4161/cbt.6.2.3627
http://www.ncbi.nlm.nih.gov/pubmed/17218781
http://doi.org/10.1016/j.chom.2020.01.006
http://www.ncbi.nlm.nih.gov/pubmed/32004499
http://doi.org/10.1016/j.clnu.2017.03.025
http://doi.org/10.1186/s40795-020-00398-9
http://doi.org/10.1016/j.nutres.2020.02.009
http://doi.org/10.3945/jn.116.240754
http://doi.org/10.3390/nu11071613
http://doi.org/10.1186/s40168-018-0455-y
http://doi.org/10.3390/ijms20081835
http://www.ncbi.nlm.nih.gov/pubmed/31013927
http://doi.org/10.1006/anae.1996.0064
http://www.ncbi.nlm.nih.gov/pubmed/16887561
http://doi.org/10.1099/mgen.0.000043
http://doi.org/10.1016/j.ijbiomac.2020.05.235
http://www.ncbi.nlm.nih.gov/pubmed/32479932
http://doi.org/10.1128/mBio.01058-15
http://www.ncbi.nlm.nih.gov/pubmed/26419877
http://doi.org/10.1111/1462-2920.14000
http://doi.org/10.1111/mmi.12859
http://www.ncbi.nlm.nih.gov/pubmed/25388295


Nutrients 2022, 14, 721 15 of 15

67. Cockburn, D.W.; Suh, C.; Medina, K.P.; Duvall, R.M.; Wawrzak, Z.; Henrissat, B.; Koropatkin, N.M. Novel carbohydrate binding
modules in the surface anchored alpha-amylase of Eubacterium rectale provide a molecular rationale for the range of starches used
by this organism in the human gut. Mol. Microbiol. 2018, 107, 249–264. [CrossRef] [PubMed]

68. Cockburn, D.W.; Cerqueira, F.M.; Bahr, C.; Koropatkin, N.M. The structures of the GH13_36 amylases from Eubacterium rectale
and Ruminococcus bromii reveal subsite architectures that favor maltose production. Amylase 2020, 4, 24–44. [CrossRef]

http://doi.org/10.1111/mmi.13881
http://www.ncbi.nlm.nih.gov/pubmed/29139580
http://doi.org/10.1515/amylase-2020-0003

	Introduction 
	Materials and Methods 
	Study Design 
	Participants 
	Study Dishes 
	Resistant Starch Determination 
	Diet Quality 
	Fecal Sample Collection 
	Short-Chain Fatty Acid Analysis 
	DNA Extractions and PCR Amplification 
	Raw Sequence Processing 
	Diversity Analysis 
	Differential Abundance Analysis 

	Results 
	Participants 
	Resistant Starch Analysis 
	Short-Chain Fatty Acid Analysis 
	Alpha and Beta Diversity 
	Correlations 
	Differential Abundance 

	Discussion 
	References

